Epoxy/CNT and epoxy/CNT/calcium carbonate nanocomposites were produced via in situ polymerization assisted by ultrasonication without solvent and electrical, mechanical, thermal and thermomechanical properties of nanocomposites were evaluated. Epoxy/CNT presented very low percolation threshold, near 0.05 wt % and nanocomposites with higher contents of CNT presented further increase in electrical conductivity. The addition of calcium carbonate in epoxy/CNT nanocomposites increased the electrical conductivity, due to volume exclusion phenomena. Regarding thermal properties, due to the low content of the CNT and calcium carbonate no changes in glass transition (Tg) were observed. DMA results showed no significant changes in thermomechanical properties, once the contents of CNT and calcium carbonate are below stiffness threshold, however an increase of flexural modulus by adding CNT and calcium carbonate was observed.
Introduction
Carbon nanotubes (CNT) are a very promising material due to its outstanding mechanical, thermal and electrical properties 1, 2 . Since their discovery by Ijima, several studies dispersing carbon nanotubes in polymer matrix have been conducted aiming to explore the entire potential of the carbon nanotubes [3] [4] [5] [6] . However, to reach this goal it is necessary to enhance carbon nanotubes dispersion and reduce the CNT breaking during processing 7, 8 . A high shear stress process is required to disperse and disentangle carbon nanotubes into polymer matrix; however, the shear stress applied should be between the linkage energy of carbon nanotubes bundles and the fracture energy of individual carbon nanotubes 9, 10 . Epoxy matrix was one of the first matrix reinforced with carbon nanotubes and ever since several studies using different dispersion techniques, carbon nanotubes treatments and hybrid reinforcements have been investigated [11] [12] [13] [14] . Ultrasonication is one of the most used processing method for dispersing carbon nanotubes in epoxy, however it is only effective in low viscosity matrix, e.g., matrix for in situ polymerization or diluted with solvent 1, 7, 10, 15 . Low viscosity matrix aids CNT dispersion during ultrasonication, hence is possible to accomplish low electrical percolation threshold without the use of solvent. During ultrasonication shear strain rates can reach up to 10 -9 /s 10, 16, 17 . The electrical percolation threshold obtained in epoxy/ CNT nanocomposites is one of lowest among the conductive nanocomposites, and can be described using a simple power law equation 18 . The Equation 1 is a power law equation which describes the relation between the electrical conductivity of the nanocomposites and CNT concentration, where σ m is the nanocomposite electrical conductivity, σ h is the carbon nanotubes electrical conductivity (10 4 S/m), θ is volume fraction of the carbon nanotubes in the nanocomposite, θ c is the percolation threshold and t is the critical exponent, which can be related to dispersion of CNT [19] [20] [21] .
(1)
The electrical conductivity of the nanocomposites is dependent of the carbon nanotubes electrical conductivity, the content of the carbon nanotubes, aspect ratio and its percolation threshold at host matrix. According to Russ et al. when carbon nanotubes are well dispersed in the polymeric matrix, the carbon nanotubes with high aspect ratio tend to lower percolation threshold due to a lower number of contacts needed to reach percolation when compared to shorter carbon nanotubes 19 . Ayatollahi et al. investigated the effect of carbon nanotubes aspect ratio on electrical conductivity of several epoxy/CNT nanocomposites and concluded that nanocomposites containing high aspect ratio carbon nanotubes presented higher electrical conductivity 22 . Liu and Grunlan also investigated the addition of montmorillonite (MMT) in epoxy/CNT nanocomposites as an alternative to reduced carbon nanotubes electrical percolation threshold and increase electrical conductivity 23 . According the authors, the addition of montmorillonite in epoxy/CNT nanocomposites can affect CNT dispersion and under 2 different mechanisms reduces the electrical percolation threshold. First, the addition of montmorillonite reduces the free volume available for CNT in the matrix, creating carbon nanotubes pathways that are segregated 23 . The second argument is that after the ultrasonication of the epoxy/CNT/MMT mixture, the presence of montmorillonite increases the viscosity of the nanocomposite before curing, and during the cooling, the montmorillonite prevents migration and reaglomeration of carbon nanotubes. Finally, micrographs showed that the carbon nanotubes might interact with montmorillonite, once carbon nanotubes surround the montmorillonite aggregates.
Bao et al. obtained similar results as Liu and Grunlan; however, they analyzed the addition of calcium carbonate in Polypropylene/CNT nanocomposites 24 . According to the authors, the addition of calcium carbonate reduced the electrical percolation threshold in PP/CNT nanocomposites, once the calcium carbonate reduced the free volume available for the CNT.
Concerning the mechanical and thermal properties of epoxy/CNT nanocomposites, Montazeri and Chitsazzadeh observed variation in Young Modulus from -14.6 % to 46.5 % with the addition of CNT when compared to neat epoxy 25 . It was also observed an increase in T g up to 6.6 ºC by CNT addition when compared to neat epoxy.
Vahedi et al. studied mechanical and electrical properties of epoxy/CNT nanocomposites produced via ultrasonication 26 . In the nanocomposites with 0.1 wt % of CNT, it was observed an increase of 18.8 % in flexural strength, reaching the maximum flexural strength with 0.25 wt % of CNT. Despite the improvement in mechanical properties, the nanocomposites only revealed improvements in electrical properties for CNT loadings higher than 0.5 wt %.
In this work, epoxy/CNT/ calcium carbonate with different contents of CNT and calcium carbonate were produced using ultrasonication. The electrical percolation threshold of epoxy/CNT nanocomposites was determined and the influence of the addition of calcium carbonate in the electrical, mechanical and thermal properties of epoxy/ CNT nanocomposites was analyzed.
Experimental

Materials
Diglycidyl ether of bisphenol-A (DGEBA), a typical commercial epoxy resin (trade name: Araldite LY 1316) and amine hardener (trade name: Aradur HY 1208) were supplied by Hunstman. It was used 13 phr (parts per hundred resin) of hardener, according to the supplier recommendation. In order to avoid bubbles formation, two silicone-free anti foaming agents, A 560 and A 500, were used. BYK chemicals donated both anti foaming agents.
Superfine calcium carbonate (trade name: XM 303) was supplied by YHnano and it is a white powder with particle size in the order of 70-90 nm and density of 2.65-2.7 g cm -3 . The multi-walled carbon nanotubes (CNT) designed as NC7000 were supplied by Nanocyl S.A. This CNT has purity above 90 %, average outer diameter of 9.5 nm and length of 1.5 µm.
Preparation of Epoxy/CNT nanocomposites
The processing technique used for dispersion of both CNT and calcium carbonate into epoxy was ultrasonication. First, epoxy, CNT and calcium carbonate were manually mixed together and ultrasonicated using a sonicator Sonics Vibra-Cell model VC 505 (solid probe) in a 150 ml vessel for 30 min at 200 W. For each composition, the proportion of epoxy was 100 g. After the sonication, the mixture was cooled and transferred to a buchner flask. In this flask, 0.5 wt % of each degassing agent was added while the mixture was kept under magnetic stirring. At the end, hardener was added and after 30 min of mixing and degassing, the mixture was poured in silicone molds. The samples were cured for 7 days at 25 ºC and a post-cured for 4 h at 80 ºC. The samples dimensions were 127 (L) x 12.6 (W) x 3.2 (T) mm 3 .
Nanocomposites Formulation
In this work, 3 different types of formulations were studied: neat epoxy, epoxy/CNT and epoxy/CNT/calcium carbonate. Epoxy/CNT nanocomposites were produced using 0.05, 0.1, 0.2 and 0.3 wt % of CNT, respectively C1, C2, C3 and C4. For the preparation of epoxy/CNT/calcium carbonate nanocomposites, it were used CNT contents of 0.05 and 0.1 wt % (covering the electrical percolation threshold) and a constant calcium carbonate content of 1 wt %, respectively these nanocomposites are C1C and C2C. The content of calcium carbonate was set following the proportions between CNT and calcium carbonate in the nanocomposites produced by Bao et al. 24 
Nanocomposites Characterization
Transmission Electron Microscopy (TEM): Morphological characterization of the nanocomposites was performed using TEM. The samples were cryogenic cut using an ultramicrotome (Riechert-Jung model Ultracut E) and a diamond knife. The thickness was set 50 nm and the images were obtained using a transmission electron microscope Philips, model CM120 and acceleration voltage of 120 kV.
AC Impedance spectroscopy: The electrical properties of the nanocomposites were measured by the two-point method using an AC impedance analyzer Solartron, model 1260A, linked to a dielectric interface system, model 1296.
The tests were performed from 1 Hz to 1 GHz, using voltage amplitude of 1V. The samples were polished and the final thickness was between 1.8 -2.0 mm. Silver paint was applied in both sides of the samples and the area covered was kept constant at 78 mm 2 . Three samples were tested for each composition and the electrical conductivity (σ) of the samples was determined using Equation 2, where S is the thickness of the sample, A is the area covered with silver paint and R is the real impedance.
(2) Differential Scanning Calorimetry (DSC): The DSC was performed using an equipment from TA Instruments, model QS100. The samples were heated from 30 ºC to 200 ºC using a heating rate of 10 ºC/min. The atmosphere was kept inert (nitrogen flow of 50 mL/min), the weight of the samples ranged between 5-10 mg and three specimens were tested for each composition.
Dynamic Mechanical Analysis (DMA): The dynamic mechanical properties were evaluated using an equipment from TA instruments, model Q800. The tests were performed using three point bending mode (8 lb.in) and the following conditions: oscillation frequency of 1 Hz, heating rate of 3 ºC/min and the data was collected from 0 ºC to 150 ºC. The samples dimensions were 35.0 (L) x 12.6 (W) x 3.2 (T) mm 3 and three specimens were tested for each composition. Flexural Testing: Flexural tests were performed according to ASTM D790-10, three point bending configuration, using an Instron machine, model 5569 and load cell of 50 kN. At least 5 samples were tested for each composition.
Results and Discussion
The main goal of this work was to investigate the influence of the addition of calcium carbonate in electrical, mechanical, thermal and thermomechanical properties of epoxy/CNT nanocomposites. Figure 1a and 1b show the micrographs of nanocomposites C1 and C2 respectively. In both micrographs, it is possible to verify good dispersion (absence of CNT bundles) of CNT in epoxy matrix. However, a qualitative analysis of the carbon nanotubes dispersion showed that these CNT presented a reduction in the overall length, compared to the information provided by the supplier. This reduction in the size of the CNT was already expected, once ultrasonication generates high shear stress leading to reduce the length of the CNT 7, 26, 27 . Figure 1c and 1d show the micrographs of C1C and C2C, respectively. It is possible to notice a good dispersion of CNT and only few calcium carbonate agglomerates in epoxy matrix. Figure 1c shows regions that only contain CNT and others regions only with calcium carbonate. These micrographs obtained are in agreement with the mechanism proposed by Bao et al., where the calcium carbonate reduces the volume available for CNT to form conductive pathways and also there are regions with only carbon nanotubes that are formed around the epoxy/calcium carbonate regions 24 .
Morphology Analysis
Figures 1d presents micrographs of C2C composition. The micrographs present a similar microstructure to C1C composition, however due to the higher content of CNT in this nanocomposite, the CNT present moderate level of agglomeration compared to C1C composition. Nonetheless, this behavior was already expected because calcium carbonate act restricting the free volume that CNT can occupy and, as the content of CNT increase, greater the tendency of bundles formation. Figure 2 shows the electrical conductivity of epoxy and epoxy/CNT nanocomposites at 1 Hz for different contents of CNT. It can be noted that neat epoxy presents very small electrical conductivity at 1 Hz, whereas in nanocomposites with low contents of CNT, e.g. C1 which has 0.05 wt %, the increase in electrical conductivity is almost 2 decades when compared to neat epoxy. As further CNT are added in epoxy/ CNT nanocomposites, the content of CNT overcome the electrical percolation threshold and the number of conductive pathways increases. As more conductive pathways are formed, higher is the current transported through the material . The value obtained for critical exponent is related to a three dimensional dispersion 19 . Figure 3 presents electrical conductivity of the epoxy and epoxy/CNT nanocomposites as a function of frequency. Epoxy matrix presents a quasi linear behavior for electrical conductivity against frequency that is typical for polymers which exhibits dipolar relaxation 30, 31 . Nanocomposite C1 shows a 2-decade increase in the electrical conductivity compared to neat epoxy and the electrical conductivity remains constant from 1 Hz to 100 Hz. It seems that the CNT reduce the mobility of epoxy dipoles at low frequencies and only after 100 Hz the dipolar relaxation mechanism are significant and affect electrical conductivity. Electrical properties are in good agreement with morphological results, once the good dispersion of CNT in epoxy matrix resulted in an improvement in electrical properties even for low CNT contents.
Electrical Properties
The nanocomposite C2 presented a behavior similar to C1, but due the higher CNT concentration, the electrical conductivity increase by 4 decades compared to neat epoxy and the CNT reduced further the epoxy's dipolar mobility, once the electrical conductivity remained constant up to 30 kHz. Nanocomposites C3 and C4 presented further increase in electrical conductivity and it became almost linear against frequency, exemplifying a huge number of conductive pathways formed by CNT. Figure 4 presents electrical conductivity of the epoxy/ CNT/calcium carbonate nanocomposites as a function of the frequency. C1C and C2C nanocomposites showed improvements in electrical conductivity caused by calcium carbonate addition. The C1C electrical conductivity at 1Hz was 2.82 x 10 -6 S/m, almost three times higher than C1 electrical conductivity and 2 decades higher than neat epoxy. This electrical behavior is a function of microstructure obtained in C1C, in which the calcium carbonate particles are well dispersed and act restricting the free volume that CNT can occupy. Therefore, CNT conductive pathways are formed only in areas without calcium carbonate.
Analyzing C2C electrical properties, there is nearly any distinction between C2C and C2 electrical conductivity, once C2C and C2 nanocomposites have CNT contents higher than the percolation threshold, the effect of volume exclusion originated by calcium carbonate addition is less effective. C2C micrograph (Figure 2b ) also shows that the higher concentration of CNT in the nanocomposite and the presence of calcium carbonate promotes more agglomeration of CNT. In the first case, there is an increase in T g due to the creation of an interphase between CNT and epoxy that restrict polymers mobility. In the second mechanism, the CNT lead to a network disruption, decreasing the cross-link density and reducing T g . Table 1 shows the glass transition obtained by DSC measurements. It is noticed that CNT and calcium carbonate did not lead to huge changes in nanocomposites T g . The nanocomposites C1, C1C and C2 presented little change Table 1 . Glass transitions (T g ) for neat epoxy, epoxy/CNT nanocomposites with 0.05 and 0.1 wt % of CNT and epoxy/CNT/ calcium carbonate with 0.05 and 0.1 wt % of CNT obtained by DSC.
Thermal Analysis
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in the T g and only C2C showed a higher increase in T g compared to neat epoxy. Although, the good dispersion of the CNT and calcium carbonate in epoxy, the nanocomposites have low fillers concentrations, max. 1 wt % of calcium carbonate and maximum 0.1 wt % of CNT, and at these levels only nanocomposite C2C presented synergic effect between CNT and calcium carbonate leading to an increase in T g . It is possible that, due to good dispersion of CNT and calcium carbonates, these create more interphase volume between CNT and epoxy.
However, when ANOVA-Test is performed for these compositions, it is observed that despite the improvements observed in C2C, the samples groups are identical once p-value obtained was higher than 0.05 (p = 0,08). Fidelus et al. studied also epoxy/CNT nanocomposites and no change in T g was observed in nanocomposites with 0.5 wt % CNT 33 .
It is important to notice that the amount of CNT used for Fidelus et al. was 5 times higher than those used in this work. According to Prolongo et al. the reduction in T g in their nanocomposites was related to CNT agglomeration, however this behavior was not observed since CNT are well dispersed in epoxy matrix, as observed in micrographs (Fig.1 a-d ) 34 .
Dynamic Mechanical Analysis (DMA)
Figure 6a shows storage modulus (E') for neat epoxy, epoxy/CNT nanocomposites with 0.05 and 0.1 wt % of CNT 35 . However when CNT content is near the percolation threshold, there is an increase in electrical conductivity but the nanocomposite is still not able to carry load and the increases in mechanical properties are minimal. Higher contents of CNT in nanocomposites provide a denser CNT network with more connections between CNT, higher electrical conductivity and an increase in the stiffness of the nanocomposite. Once the electrical percolation threshold was determined to be around 0.05 wt % of CNT, nanocomposites C1 and C1C have low potential for increasing mechanical properties (below stiffness threshold), despite this, they presented remarkable increase in electrical conductivity. C2 and C2C possess higher CNT contents than the percolation threshold, but both didn't seem to reach the stiffness threshold and, because of that, the mechanical properties remain unchanged. Table 2 summarizes DMA results for the materials analyzed. The ANOVA-Test was performed for the samples and p-value obtained was p=0.4, exemplifying that there are no significant different between the samples. This behavior is probably due the low content of CNT that are not able to impart to the composite stiffness beyond the threshold and generate significant changes in mechanical behavior. Table 3 presents flexural properties for neat epoxy, epoxy/ CNT nanocomposites with 0.05 and 0.1 wt % of CNT and epoxy/CNT/calcium carbonate with 0.05 and 0.1 wt % of CNT. Neat epoxy presented flexural modulus of 2.71 GPa and this value is almost the same of the epoxy storage modulus at 23 ºC. For C1 and C1C nanocomposites, an increase of 6% flexural modulus is noticed, flexural strength and at break remain unchanged. C2 nanocomposite presented increase of 8% in flexural modulus when compared to C1, C1C and 10% when compared to neat epoxy. In this nanocomposite, the CNT seem to toughen the nanocomposite, once any sample broke at 5 % elongation. For the other samples, the elongation remain unchanged. The significance of the flexural modulus results was confirmed by ANOVA-Test and p-value of 0,012 was obtained, confirming the difference between the groups analyzed.
Flexural Properties
A small tendency increasing flexural strength at break for all nanocomposites was observed, however ANOVA-test present p-value of 0,16 indicating that no significant changes in this property is observed. Flexural strength at break stood between 99.1 MPa and 102.8 MPa.
Conclusions
Epoxy/CNT nanocomposites with low electrical percolation threshold were produced via in situ polymerization and it was noticed that the addition of calcium carbonate in these nanocomposites led to a new microstructure, in which the calcium carbonate particles reduced the volume that CNT can occupy in epoxy matrix. Significant improvement in electrical properties were observed by adding calcium carbonate in epoxy/CNT nanocomposites, e.g., C1C presented electrical conductivity at 1 Hz three times higher than C1 and 2 decades higher than neat epoxy. Regarding thermal properties, an increase in T g for C2C was observed, however the ANOVAtest showed no significant changes between groups. The same behavior was observed for storage modulus, due to low content of CNT that are no able to impart to the composite stiffness beyond the threshold. Regarding flexural modulus C2 and C2C presented improvements from almost 10% when compared to neat epoxy and it is due the creation of epoxy/ calcium carbonate interphase that restrict polymers mobility.
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